ABSTRACT
INTRODUCTION
The deregulation of the electricity sector and simultaneously the growing interest in distributed generation (DG), has brought a lot of uncertainty for the distribution network operator (DNO). On the distribution system level the loading situation is becoming hardly predictable and more or less uncontrollable, at least in terms of volume and availability of local production but also in terms of planning (size, location and coming on-line). A consequence of this uncertainty is that investments in grid reinforcements may turn out to be uneconomic. This stimulates the DNO to maximize the use of the existing grid and consider installing flexibility and 'intelligence' in the grid, instead of traditional grid reinforcements. In previous work [1] , the application of an intelligent node (IN), consisting of multiple back-to-back inverters, was proposed to offer such features.
In this paper, first the functional concept of the IN is briefly described. Next, a control strategy is proposed for the synchronization and reconnection to the grid of a feeder that is initially supplied by the IN, without supply interruption for the connected customers. Finally, the results of an experimental validation are presented.
INTELLIGENT NODE CONCEPT
The concept of an intelligent node offers the DNO increased flexibility in the operation of a distribution grid. Amongst others, it can facilitate increased loading, the connection of increased amounts of DG [1] and the flexible coupling and decoupling of (asynchronous) grids.
To combine all of the functions mentioned above in one device, a versatile topology is required. The proposed topology consists of n power electronics inverters, with their d.c. ports connected to a common d.c. bus, and their a.c. ports each to a certain feeder. This configuration is shown in Figure 1 .
Figure 1 Topology of Intelligent Node with n inverters
The d.c. bus allows asynchronous operation of all the inverters: each a.c. port can have a different phase angle and order, a different voltage amplitude and even a different frequency. The d.c. bus capacitor is generally small, only there to maintain a constant d.c. voltage, thus the total active power exchange between feeders must at all times remain zero, or more precise, equal to the inverter losses. The reactive power exchange is performed independently for each inverter. Each inverter can either follow the grid voltage and control the exchanged active and reactive power (Meshed Operation), or it can just control the voltage on a radial feeder (Radial Operation).
The control aspect that is addressed in this paper is the transition that occurs when one of the inverters needs to change from radial to meshed operation, as illustrated in Figure 2 , which shows an reduced version of an IN, consisting of only two inverters. 
INVERTER CONTROL DURING TRANSITION FROM RADIAL TO MESHED OPERATION
For each of the operating modes, the involved inverter is controlled in a different way. In Meshed Operation, the a.c. side of the inverter is connected to a feeder which is part of a grid that has frequency and voltage control and the inverter follows the grid voltage, while controlling the active and reactive power flow into and from the grid. In the other mode, Radial Operation, the a.c. side of the inverter is connected to a feeder with only loads and/or generators which are not capable to define a three-phase voltage. In this mode, the inverter creates a three-phase voltage on the feeder and is supplying or consuming the required active and reactive power. In the following, first the inverter control in each of the modes will be described and then, the proposed strategy for the transition from Radial Operation to Meshed Operation is detailed.
Inverter Control
The inverter control consists of a central current control loop which is always in operation. Its reference current is generated either by a voltage control loop, or by an active and reactive power (PQ) controller. A central d.c. bus voltage controller modifies the active power set point of all inverters that are in meshed operation, thus compensating not only the inverter losses and measurement errors but also the power flow through the inverters that are in radial operation. A schematic of the inverter control is given in Figure 3 .
Figure 3 Inverter control scheme
The current and voltage controllers are of the proportionalresonant type, with a high gain around 50 Hz, resulting in a small steady state error for the grid frequency. The PQ controller calculates the reference current on the basis of the measured grid voltage signal. The control takes place is in the stationary αβ reference frame, which is for example defined in [2] . Simultaneously changing the position of switches S1 and S2 changes the operating mode of the inverter from radial to meshed operation.
Synchronization criteria
In general, before closing the circuit breaker CB of Figure  2 , the frequency, amplitude and phase angle of the voltages on both sides need to be within certain margins. During installation it is verified that also the phase order is equal on both sides of the circuit breaker. In case of generator synchronization, the voltage angle difference is the most critical factor, since it causes a transient torque on the generator shaft after connection, which has to be limited. The sensitivity of DG units to phase angle jumps can be deduced from the threshold values for synchronization and the functioning of protection systems. Exemplary values of 10° and 20° for synchronization [6] [7] are reported. When connecting two grid areas, it is also the voltage angle difference which is the most important: in cable grids with a low X/R ratio, the transformer inductive impedance is the dominant impedance limiting the current after closing the circuit breaker. In [3] for a medium voltage distribution system the maximum allowable voltage angles were calculated in order to prevent exceeding thermal limits of the concerned feeder. Threshold values of a few degrees were found.
Another factor limiting the phase angle difference on both sides of the circuit breaker is the circuit breaker itself.
General purpose circuit breakers are tested with voltages up to 90° phase difference [4] , which is a rather high value when compared to other limiting factors. Another issue is the sensitivity of loads to amplitude and phase angle jumps.
Voltage amplitude jumps are quantified in terms of flicker [10] , which results in the requirement to only allow slow (several seconds) variations in amplitude. For phase angle jumps, such a parameter does not exist. Although extensive research was performed to qualify phase angle jumps as a power quality index [5] , no agreement was reached on load sensitivity levels. Loads are considered to limit only the allowable voltage magnitude variations, not the phase angle jumps.
The IN is not a limiting factor for the maximum allowable phase angle or amplitude jump: there is no torque to be reckoned with, and the inverter can limit the current fast enough to prevent feeder and inverter overloading. We assume that instantaneous angles up to around 5 or 10° are acceptable for loads and DG units. Slow changes of power exchange are required to limit the resulting voltage amplitude changes and the associated flicker.
Synchronization strategy
The geographical distance between the circuit breaker CB and the IN can be many kilometers, which complicates this transition. Inverter control feed-back loops and protection can only use local measurements, because of the required speed. Set-points, however, can be provided by remote communication. In meshed operation, these system optimized, remotely produced, set points concern the active and reactive power values [1] . When anticipating the closure of the circuit breaker CB of Figure 2 , these remote set points can be the amplitude, frequency and phase angle of the voltage in the radial network. A requirement for the use of phase angle information is that the remote data is time synchronized with local measurements. Successful Prague, 8- 
The inverter changes from Radial to Meshed Operating
Mode by flipping the (software) switches S1 and S2, shown in Figure 3 . The set points P* and Q* are initially equal to the last local P and Q measurements, and ramped towards the system optimum values, to avoid abrupt changes in the power flow.
The calculation of the voltage amplitude and angle in step 2 is based on power flow calculations. In the practical setup of the next chapter, the grid configuration is simple and direct relationships exist between active and reactive power and voltage amplitude and angle.
The strong increase in current in step 5 is due to the paralleling of two voltage sources, which are inevitably not perfectly equal: the grid and the inverter which is in the Radial Operating mode.
EXPERIMENTAL VALIDATION Experimental setup
The concept of the previous chapter was implemented in a demonstration setup consisting of two 400V three-phase back-to-back IGBT inverters, with the ability to connect the d.c. side to a rotating d.c. generator. The a.c. connection of each inverter is made through a filter (2mH series reactor, 10uF shunt capacitor) and an isolation transformer. Connected loads are a resistor bank of 4.3kW (Load II) and 2.2kW (Load I). Figure 4 shows the single-line diagram of the setup.
In the setup, Inverter I is used to represent the grid, being in voltage control mode all the time.
Figure 4 Single line diagram practical setup
Inverter II is the inverter that represents the inverter of the Intelligent Node, and is at initially in Radial Operation and switches to Meshed Operation after the circuit breaker closes.
Practical implementation synchronization
The two inverters are controlled by the same DSP, which eliminates the need to measure and transmit frequency and phase information to the Voltage Synchronizer: the same numerical value for the frequency is used and the phase angle of Inverter I is defined as zero. The procedure to calculate the amplitude and angle of the voltages on both sides of the circuit breaker follows the description in the previous chapter, and is detailed here. The relationship between sending end voltage V G and receiving end voltage V L of the network of Figure 5 is equal to
Figure 5 Load supplied through impedance
The following roughly holds: for small amplitude differences, the imaginary part of (1) is a measure for the voltage angle difference between sending and receiving end, while the second term for small angles gives the amplitude difference. The exact expressions for voltage amplitude and angle on the grid side of the circuit breaker are
where 
Measurements
The synchronization and CB closure detection strategy described above was implemented in the laboratory setup.
Tests have been performed for a load configuration where a 4.3 kW load is on the IN side and a 2.2 kW load on the grid side. After CB closure the IN ramps towards zero P and Q, resulting in Inverter I supplying both loads. Figure 6 and Figure 7 show the voltage at and the current through the circuit breaker during the closing (at t = 0 s) and mode transition process, both as waveforms and, on a larger timescale, as RMS values, as well as the logic signal as described in step 5 of the synchronization strategy in the previous chapter. 
Figure 7 Circuit breaker voltages and current, RMS
It can be observed that the CB closure is detected within around 30ms. This detection time strongly depends on the accuracy of the voltage synchronization. If very accurate, no significant transient current occurs, hence no detection, which implies that a deliberate synchronization error is required in order to always detect the circuit breaker closure. The required size of the amplitude and/or angle error depends on the voltage level and grid impedances. For medium voltage applications, a relatively small error is expected to be sufficient to allow detection.
CONCLUSIONS
A synchronization strategy is proposed for the transition of an inverter from supplying a radial feeder to meshed operation. The concept is verified in a practical setup. Future work includes the quantification of scale effects for the application on medium voltage systems and the transition from meshed to radial operation.
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